Plain Language Summary {#Sec1}
======================

Hypothyroidism, a reduction in thyroid hormone levels, is one of the most common diseases worldwide. The medication most used to treat hypothyroidism is levothyroxine, a compound that acts as a replacement for a person's thyroid hormone. People with hypothyroidism will often need to take levothyroxine for a long time, typically for the rest of their life, so it is important that their treatment is monitored closely and the dose is adjusted for the best effect as needed. As a person progresses through life, their dose may need to be adjusted because other diseases or medications can affect the dose needed for effective treatment. Pregnancy or weight gain can also affect the dose of levothyroxine needed by the patient, so patients and physicians need to work in partnership to ensure that the treatment is working as well as it can. The goal of this partnership is to maintain normal thyroid hormone levels without the patient experiencing any side effects or negative health consequences of taking too much or too little levothyroxine.

Introduction {#Sec2}
============

Thyroxine was isolated on Christmas Day 1914 by Kendall. Its chemical structure was determined in 1926 by Harington, and it was synthesised in 1927 by Harington and Barger \[[@CR1], [@CR2]\]. The acidity of the thyroxine molecule, which caused diminished absorption resulting in low bioavailability, was an unresolved problem for more than 20 years following its discovery \[[@CR3]\]. In 1949, a commercial product containing synthesised sodium thyroxine was launched in the USA and some years later in Europe, signalling a new era in the treatment of hypothyroidism, which had advanced from partially purified extracts of bovine thyroid gland and desiccated thyroid extracts from sheep and pigs to fully synthesised thyroxine \[[@CR4], [@CR5]\]. The manufacture of sodium thyroxine (levothyroxine) thus resulted in a major pharmacological achievement in endocrinology, giving a more stable and effective thyroid hormone compound that, over the last few decades, has considerably improved the lives of millions of patients with various forms of hypothyroidism.

The objective of this review is to provide an overview of (1) when administration of levothyroxine is necessary, (2) initial dosing and subsequent adjustment of levothyroxine, (3) the importance of avoiding under- and over-treatment with levothyroxine, (4) the need for levothyroxine dose adjustment through various phases of life, (5) medical conditions and medications necessitating levothyroxine dose adjustments, as well as (6) controversies about treatment with products other than levothyroxine. Diligent monitoring of patients taking levothyroxine and regular dose adjustment to achieve optimised treatment and avoidance of adverse events are particularly emphasised.

Methods {#Sec3}
=======

A search of the literature was conducted using the PubMed and CENTRAL (Cochrane) databases. Keywords relating to levothyroxine, hypothyroidism, treatment, levothyroxine dose adjustments, levothyroxine and concomitant conditions, levothyroxine and concomitant medications, and combined treatment with levothyroxine and liothyronine versus levothyroxine were searched. Only reviews and articles providing clinical data, particularly the most recent, were considered. Potential articles of interest were identified by title and abstract, and citation lists of articles of interest were used to identify additional literature. This article is based on previously conducted studies and does not contain any studies with animals performed by any of the authors. Some of the studies cited include analyses, or studies with human participants, performed by the authors and completed prior to the initiation of this manuscript.

When Levothyroxine Administration Is a Necessity {#Sec4}
================================================

Thyroxine is secreted by the thyrocytes and is the main thyroid hormone in the circulation. Thyroxine is actively transported to the various organs where it is converted to triiodothyronine by the activity of the deiodinases \[[@CR6]\]. Triiodothyronine, the active form of thyroid hormone, is secreted in small amounts by the thyroid but is mainly generated via extrathyroidal conversion of the prohormone thyroxine. Hypothyroidism is a common endocrine disease that requires timely and lifelong treatment since, if left untreated, it can contribute to hypertension, dyslipidaemia, and heart failure and induce reversible dementia and infertility, as well as neurosensory, musculoskeletal, and gastrointestinal symptoms \[[@CR7]\]. There is currently no other treatment for hypothyroidism, other than providing thyroid hormone replacement. Due to its long half-life of about 7 days, in patients in the clinically euthyroid state, levothyroxine is the preferred first-line treatment for primary hypothyroidism and has been the most commonly prescribed treatment since the 1980s \[[@CR8]\].

Initial Dosing and Dose Adjustment of Levothyroxine During Therapy {#Sec5}
==================================================================

Initial Dosing {#Sec6}
--------------

The levothyroxine dose initially required by a patient depends primarily on three factors: the amount of residual thyroid function retained by the patient, the body weight or lean body mass of the patient, and the target thyrotropin or thyroid-stimulating hormone (TSH) level to be achieved during therapy \[[@CR8]\]. Additional factors such as patient age, patient sex, and menopausal status may have an influence that is generally of lesser magnitude. Other physiological factors such as pregnancy and gastrointestinal functioning may be important factors in specific patients or at specific times \[[@CR8]\].

When commencing levothyroxine therapy, initial dose requirements can vary greatly from small doses such as 25--50 μg in an individual with mild or subclinical disease, where the therapy may be supplementing endogenous function, to larger doses of 88--175 μg in cases of patients with negligible endogenous thyroid function. In keeping with this concept, the initial dose of levothyroxine in patients presenting to a clinic with primary hypothyroidism can be predicted by the patient's TSH value prior to initiation of treatment \[[@CR9]\]. In the case of surgically athyreotic patients, the dose of levothyroxine required may be slightly higher than in those with autoimmune thyroid disease \[[@CR8]\], presumably reflecting some retained thyroid hormone production in those with autoimmune thyroid disease. An example of the dose requirement in those with Hashimoto's thyroiditis without residual function and post-surgical hypothyroidism is approximately 1.6 μg/kg \[[@CR8]\]. The dose of levothyroxine required by a patient following thyroidectomy can be predicted by either body weight or body mass index (BMI) \[[@CR10]--[@CR12]\]. Body weight, BMI, ideal body weight, and lean body mass can all predict the initial dose requirement, with the latter three parameters providing the more accurate estimates \[[@CR10], [@CR13]\]. Various formulae have been proposed to calculate dose requirement. These range from simple formulae based only on body weight or BMI to more complex formulae that also incorporate other factors such as patient sex \[[@CR10], [@CR14]\]. Generally, both a TSH-based estimate and a body weight-based estimate yield similar initial estimates of dose requirement (Fig. [1](#Fig1){ref-type="fig"}). With respect to age, for patients who are elderly, have concomitant cardiac disease, or may have had long-standing untreated hypothyroidism, it is wise to initiate levothyroxine therapy with smaller doses such as 25--50 μg levothyroxine and incrementally increase the dose to full replacement to avoid precipitating cardiac ischaemia \[[@CR8]\].Fig. 1Example of body weight- and thyroid-stimulating hormone-based levothyroxine initial dose estimates. *BMI* body mass index, *FT4* free thyroxine, *LT4* levothyroxine, *TSH* thyroid-stimulating hormone

Dose Adjustment {#Sec7}
---------------

Regardless of the method used to estimate the initial levothyroxine dose requirement, dose adjustment is frequently required. This may be due to multiple factors including limitations in the dose requirement predictions, inter-patient variation, levothyroxine absorption, or effects of concomitant medical conditions or medications \[[@CR8]\]. Given the half-life of levothyroxine (approximately 1 week), reassessment of thyroid status by serum TSH levels, and free thyroxine levels if desired, is indicated after 6 weeks of therapy when the pharmacokinetic steady state is reached. If the TSH is not at the desired goal, the levothyroxine dose can be adjusted up or down. TSH values that are slightly out of range may be corrected by a single dose increment or decrement, such as increasing from 100 to 112 μg or decreasing from 175 to 150 μg. TSH values that are considerably out of range may require larger percentage changes. Levothyroxine absorption is maximised, at about 75% of the administered dose, when it is ingested upon an empty stomach \[[@CR8]\]. Therefore, if levothyroxine is taken at other times of the day for convenience, the dose requirement may be greater and potentially more variable \[[@CR15]\]. Once the desired TSH value has been achieved, it could potentially be re-confirmed by laboratory testing in 3--6 months, and then checked on an annual basis thereafter. A stable TSH while receiving levothyroxine therapy was inversely associated with the magnitude of the levothyroxine dose in one study, perhaps suggesting that residual thyroid function provided some buffer against TSH variations in those who required smaller levothyroxine doses \[[@CR16]\].

Simple regimens that involve the same dose taken daily are ideal with respect to ease of adherence, although sometimes regimens that involve alternating doses or use of half tablets are needed to achieve the desired TSH value. A study comparing TSH values achieved with use of whole levothyroxine tablets versus split tablets showed comparable TSH values \[[@CR17]\], but nevertheless any unnecessary complications to a regimen that patients will be following for a lifetime need to be minimised. There do seem to be a variety of costs, such as utilisation of health care resources, and comorbidities, such as depression and dyslipidaemia, associated with non-adherence to levothyroxine therapy, as demonstrated in a study funded by levothyroxine manufacturers \[[@CR18]\]. Non-adherence to levothyroxine is generally associated with an elevated TSH. However, if missed doses are not reported by the patient, levothyroxine dose increases can lead to a low TSH if therapy is later adhered to. If problems with non-adherence and an elevated TSH are not corrected by education or treatment of contributing conditions such as depression or psychiatric disorders, possible solutions to improve adherence include observed weekly oral levothyroxine therapy (Fig. [2](#Fig2){ref-type="fig"}) \[[@CR19], [@CR20]\] or weekly or twice weekly parenteral administration (such as intravenous \[[@CR21]\], subcutaneous \[[@CR22]\], or intramuscular administration of levothyroxine \[[@CR23]\]).Fig. 2Example of how to address non-adherence to levothyroxine associated with elevated thyroid-stimulating hormone levels. *25 (OH) vitamin D* 25-hydroxy vitamin D, *FT4* free thyroxine, *LT4* levothyroxine, *TSH* thyroid-stimulating hormone

Avoidance of Over- and Under-Dosing with Levothyroxine {#Sec8}
======================================================

Generally, hypothyroidism may be effectively treated via a constant daily dose of levothyroxine, and, for the majority of confirmed aetiologies, this needs to be lifelong. However, in this setting, there appear to be many cases of both levothyroxine over- and under-dosing and it may be that frequent adjustments of a dose are necessary. These adjustments need to be handled with caution and take into account the many contributing factors, as multiple levothyroxine dose adjustments evidently result in a greater burden on healthcare resources \[[@CR24]\]. This means that it is necessary for clinicians to determine which patients are truly in need of dose adjustment. Even more importantly, accumulating evidence suggests that many patients, for whom the indication for levothyroxine initiation is not adequately established and the diagnosis is not well documented, are remaining on levothyroxine therapy for longer than necessary. A prospective clinical cohort follow-up study illustrated this by showing that, among 291 patients (84% females) on levothyroxine replacement therapy without a solid diagnosis of hypothyroidism and in whom the treatment was paused, 114 developed hypothyroidism, while 177 participants remained euthyroid. The latter results clearly point to a significant overuse of levothyroxine therapy \[[@CR25]\].

Overtreatment should particularly be avoided in the elderly. A study seeking to determine whether levothyroxine pharmacokinetics are affected by age and weight did not identify any influence of age on the levothyroxine dose requirement, though it was determined that weight may mediate age-related changes in levothyroxine pharmacokinetics \[[@CR26]\]. In addition, transient changes (e.g., illness), inter- and intra-individual differences in thyroid parameters, or ethnic variations may modify the treatment target, thus rendering advisable a tailored assessment of thyroid function. Use of thyroid extract, rather than levothyroxine, may be associated with overtreatment. In a study of 174 reports of adverse events occurring in patients taking thyroid hormone extract, 91 of these reports were accompanied by changes in TSH values and, of these, 62 patients (68%) had developed new symptoms associated with TSH changes, with most (65%) having symptoms consistent with thyrotoxicosis \[[@CR27]\].

In a recent case report the authors describe two female patients with Takotsubo cardiomyopathy associated with levothyroxine over-replacement, clearly underlining the necessity to adjust the dose of levothyroxine, particularly in patients with cardiovascular risks, so as to avoid the deleterious effects of iatrogenic hyperthyroidism \[[@CR28]\]. Another point to be considered in overzealously treated patients is the high risk of accelerated bone loss, predominantly in postmenopausal women, as well as the risk of osteoporosis and vertebral fractures \[[@CR29]\]. Concerning under-dosage, while overtreatment was not associated with impairment of health-related quality of life (HRQoL), patients who are undertreated had worse HRQoL than overtreated patients, especially regarding physical and emotional aspects, independently of the degree of hypothyroidism \[[@CR30]\]. Given that hypothyroidism undertreatment is associated with poor patient HRQoL, it is clear that levothyroxine therapy must be sufficient to maintain serum TSH within the reference range. Age-dependent interpretation of TSH values (extending from neonates to the very old), with appropriate consideration of circadian fluctuations, body weight, gastrointestinal diseases and malabsorption, comorbidity, and possibly pituitary insufficiency or thyroid hormone resistance, is thus crucial for optimal levothyroxine dosage.

Another factor that can be associated with under- or overtreatment with levothyroxine is switching between different preparations. Despite the availability of stable compounds of levothyroxine, over the past few decades, problems have repeatedly emerged concerning potency, which, according to specifications issued by the US Food and Drug Administration in 2007, should not exceed 10% difference from the stated dose \[[@CR31]\]. Furthermore, bioequivalence testing allows the 90% confidence interval of the difference in the areas under the curve and difference of maximum concentrations of serum T4 derived during pharmacokinetic testing to fall within 80--125% of that of a reference product \[[@CR8]\] or the more stringent criteria of 90--111%. It is well known that dose differences falling within this range result in clinically relevant dissimilarities in safety and effectiveness. In addition, any method of analysing bioequivalence data that does not take into account endogenous thyroxine concentrations will confound accurate quantitation and interpretation of levothyroxine bioavailability \[[@CR32]\]. Hence, even products that meet the criteria for bioequivalence could well expose patients to the development of iatrogenic hyperthyroidism or hypothyroidism. While levothyroxine has a narrow therapeutic index \[[@CR33]\], defined as having a narrow window between effective doses and those at which they produce adverse events, as well as a potential variance in the therapeutic efficacy among various levothyroxine preparations, there is at present no viable alternative to this treatment.

In summary, it is necessary in all cases to periodically verify the need for dose adjustment and/or continuation of treatment. If there is a suspicion for levothyroxine treatment having been prescribed unnecessarily, this can be investigated via a test period incorporating 6- to 8-week therapy discontinuation, followed by TSH testing.

Factors Potentially Contributing to the Need for Levothyroxine Dose Adjustments Throughout a Patient's Life Span {#Sec9}
================================================================================================================

There are many factors encountered by patients across their life span that may be associated with an altered levothyroxine requirement. Newborns, children, and adolescents typically require higher levothyroxine doses than adults \[[@CR8]\]. Examples of factors affecting the levothyroxine dose requirements of adults include pregnancy, weight changes, hormonal changes, and ageing.

Pregnancy {#Sec10}
---------

The dramatic increase in levothyroxine dose requirements associated with pregnancy, and the subsequent decrease in requirement post-partum are perhaps the best documented alterations in levothyroxine requirement \[[@CR34]\]. The reason for the increased requirement is the need for an increased total body thyroxine pool associated with increased thyroxine-binding globulin concentrations and increased plasma volume. Increased levothyroxine doses are required in approximately 50--85% of pregnant women, and the need for an increase occurs early in the first trimester. Requirements tend to stabilise as the patient progresses into the second and third trimester, with few changes generally being required in the third trimester. The percentage increase in levothyroxine dose needed can be as high as 30--50% and is highest when the cause of the hypothyroidism is a thyroidectomy or ablation of the thyroid gland \[[@CR35]\]. Achieving a serum TSH \< 1.2 mIU/l preconception seems to reduce the percentage of patients requiring a dose increase \[[@CR36]\]. Studies show that serum TSH can be maintained at goal during pregnancy by either increasing the levothyroxine dose by 29% by increasing from 7 to 9 tablets of levothyroxine weekly when conception is confirmed \[[@CR37]\] or ongoing titration based on serum TSH \[[@CR38]\]. The latter method had the advantage of resulting in fewer patients having a suppressed TSH during pregnancy \[[@CR38]\]. Women undergoing in vitro fertilisation have similar needs for increased levothyroxine dosages, with 83% of women requiring an increase and the average increase being 33% \[[@CR39]\].

Weight Changes and Hormonal Changes {#Sec11}
-----------------------------------

As mentioned above, levothyroxine dose requirements are affected by body weight, ideal body weight, and lean body mass, with dose requirements increasing as these parameters increase \[[@CR8], [@CR13], [@CR40]\]. However, if actual body weight is used to calculate the levothyroxine requirement in obese individuals, the dose may be overestimated, with ideal body weight being a better predictor \[[@CR40]\]. Moreover, the studies regarding levothyroxine requirement in obese individuals often yield differing results of either increased or decreased requirements, possibly because of competing effects of the increased body weight and the impaired absorption and altered levothyroxine kinetics that may be seen with obesity \[[@CR41]\]. Different results have also been reported regarding the altered levothyroxine requirement associated with the weight loss seen after bariatric surgery. Most studies show that such weight loss is associated with a reduced levothyroxine requirement \[[@CR42]\], possibly due to both the reduced weight and improved absorption. However, bariatric procedures involving jejunoileal bypass may be associated with an increased levothyroxine requirement because of reduced, as opposed to improved, levothyroxine absorption \[[@CR43]\]. In cases where levothyroxine absorption is impaired after bariatric surgery, use of liquid levothyroxine may improve absorption \[[@CR44]\].

With respect to hormonal changes, premenopausal women may require higher levothyroxine doses than postmenopausal women \[[@CR40], [@CR45], [@CR46]\]. Conversely, oestrogen therapy is associated with a need for higher doses of levothyroxine to maintain the same serum TSH \[[@CR47]\].

Ageing {#Sec12}
------

Several studies have shown that the levothyroxine dose requirement is decreased in older individuals \[[@CR8], [@CR48], [@CR49]\]. However, a recent study suggests that this decreased requirement may be mediated by the changes in weight that may accompany ageing \[[@CR26]\]. Other important considerations regarding levothyroxine doses in older individuals include bearing age-adjusted TSH reference ranges in mind \[[@CR50]\] and avoiding over-replacement that might potentially exacerbate other medical conditions \[[@CR8]\]. Both of these considerations would lead to targeting of higher TSH values in older individuals (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Example of application of age-adjusted thyroid-stimulating hormone reference ranges to patient treatment. *LT4* levothyroxine, *TSH* thyroid-stimulating hormone

Levothyroxine Dose Adjustments Associated with Concomitant Medical Conditions and Medications {#Sec13}
=============================================================================================

Levothyroxine is best absorbed when the stomach environment is acidic and is absorbed mainly in the jejunum and ileum \[[@CR51]\]. It is primarily metabolised by de-iodination, but also is metabolised by conjugation, decarboxylation, and deamination. Based on this route into and out of the body, there are many medical conditions and medications that can impact these steps and alter the levothyroxine dose requirement. Two studies illustrate the combined impact of medical conditions and medications \[[@CR52], [@CR53]\]. A study of a pharmaceutical company-sponsored database identified gastrointestinal conditions and medications such as iron, calcium, and acid-lowering therapies as being associated with difficulty controlling hypothyroid symptoms and frequent changes in levothyroxine doses \[[@CR52]\]. Gastrointestinal conditions and interfering medications were also identified as being associated with the finding of patients requiring higher than predicted doses of levothyroxine in an audit of patients being treated by physicians in the national health system in Scotland \[[@CR53]\].

Medical Conditions {#Sec14}
------------------

Generally speaking, although other chronic medical conditions such as cardiac disease, hepatic disease, osteoporosis, or diabetes do not directly impact levothyroxine dose requirements, some individuals with these conditions may be elderly or frail and thus extra caution may need to be exercised to avoid under- or over-dosing. One specific medical condition in which levothyroxine doses that lower serum TSH may be intentionally employed is differentiated thyroid cancer \[[@CR54]\]. If TSH suppression is the goal in patients with intermediate- or high-risk thyroid cancer, higher doses up to 2.2 μg/kg body weight may be needed \[[@CR8]\]. However, TSH suppression is not necessary in low-risk patients or in patients who no longer have a substantial risk of thyroid cancer recurrence (Fig. [4](#Fig4){ref-type="fig"}). Patients with hypothyroidism who are hospitalised with critical illness may require higher doses of levothyroxine while hospitalised \[[@CR55]\], possibly because of such factors as use of proton pump inhibitors or decreased absorption associated with enteral feeding. Decreased absorption caused by enteral feeding may be circumvented by temporarily holding tube feeds prior to levothyroxine administration or using liquid preparations of levothyroxine \[[@CR56]\]. There may also be failure to prescribe levothyroxine appropriately in the hospital setting \[[@CR57]\].Fig. 4Example of balancing risks and benefits in order to choose a target thyroid-stimulating hormone value for a patient. *LT4* levothyroxine, *TSH* thyroid-stimulating hormone

A variety of gastrointestinal conditions may be associated with decreased levothyroxine absorption and higher serum TSH levels when the condition is untreated compared with when the condition is treated \[[@CR51]\]. These conditions include gastritis, coeliac disease, and lactose intolerance. *Helicobacter pylori*-associated gastritis is associated with increased levothyroxine requirement, with the increased requirement resolving with treatment of the gastritis \[[@CR58], [@CR59]\]. Similarly, untreated coeliac disease is associated with a high levothyroxine requirement that is remediated by dietary treatment of the coeliac disease \[[@CR60], [@CR61]\]. The same pattern has been demonstrated with lactose intolerance \[[@CR62]\]. While each of these conditions remains in the untreated state, it appears that levothyroxine absorption is better when liquid levothyroxine is utilised for patient therapy \[[@CR63]--[@CR65]\]. Nephrotic syndrome is another medical condition associated with a need for an increased dose of levothyroxine, presumably due to urinary losses of thyroid hormones, accompanying the urinary losses of thyroxine-binding globulin \[[@CR66]\].

Medications, Supplements, and Food {#Sec15}
----------------------------------

Medications may alter a patient's requirement for levothyroxine through a variety of mechanisms (Table [1](#Tab1){ref-type="table"}). These mechanisms include altered levothyroxine absorption, altered thyroid hormone synthesis or release (theoretically relevant for those who still have some residual thyroid function), altered transport of levothyroxine, altered metabolism of levothyroxine, and altered TSH secretion. A partial list of some of the implicated drugs is shown in Table [1](#Tab1){ref-type="table"}, and more complete discussion of these drugs can be found in several review articles \[[@CR8], [@CR51], [@CR67]--[@CR69]\]. In most cases, the net result is a need for an increased levothyroxine dose. A classic example of a medication that causes an increased requirement for levothyroxine is oestrogen therapy \[[@CR70], [@CR71]\], which is associated with increased levels of thyroxine-binding globulin. Tyrosine kinase inhibitors can have multiple effects, including causing an increased need for levothyroxine via increasing the metabolism of levothyroxine (Fig. [5](#Fig5){ref-type="fig"}) \[[@CR68], [@CR72]\].Table 1Drugs affecting levothyroxine requirement and the mechanism of altered requirementDrugAltered LT4 requirementAltered LT4 absorptionAltered TH synthesis or releaseAltered transportAltered metabolismAltered TSH secretionOestrogen↑×Androgens↓×Glucocorticoids↓××Phenobarbital↑×TKI↑↓×Rifampin↑×Sertraline↑×Amiodarone↑↓××Iodine↑↓×Lithium↑↓×Dopamine, dobutamine×Bexarotene↑×Calcium carbonate↑×PPI↑×Ferrous sulphate↑×Cholestyramine↑×Phosphate binders↑×*LT4* levothyroxine, *PPI* proton pump inhibitors, *TH* thyroid hormone, *THS* thyroid-stimulating hormone, *TKI* tyrosine kinase inhibitorsFig. 5Example of how to adjust levothyroxine dose in patients receiving concomitant medications. *LT4* levothyroxine, *rT3* reverse triiodothyronine, *T3* triiodothyronine, *TSH* thyroid-stimulating hormone

If levothyroxine is ingested along with food, its absorption can be impaired \[[@CR15], [@CR51]\]. Soy-containing foods are an example of a substance that can decrease absorption (Fig. [6](#Fig6){ref-type="fig"}) \[[@CR73]\]. Calcium supplements \[[@CR74], [@CR75]\] and iron \[[@CR76], [@CR77]\] also reduce absorption and thereby increase the levothyroxine dose requirement or increase serum TSH \[[@CR52], [@CR53]\]. Vitamin C stands alone as an example of a supplement that may actually decrease the requirement for levothyroxine by enhancing its absorption, at least in patients with gastritis \[[@CR78]\].Fig. 6Example of how to adjust levothyroxine dose in patients consuming foods that may impair absorption. *LT4* levothyroxine, *TSH* thyroid-stimulating hormone

Controversies About Treatment Other Than Levothyroxine {#Sec16}
======================================================

No consistently strong evidence has been found for the superiority of any alternative preparation (e.g., levothyroxine/liothyronine combination therapy, thyroid extract therapy, or others) over monotherapy with levothyroxine in improving health outcomes \[[@CR8]\]. Trials of such therapy show mixed results regarding patient preference for combination therapy or other alternative therapies \[[@CR8]\]. On an anecdotal basis some patients may perceive benefit from combination therapy, whereas others may not (Fig. [7](#Fig7){ref-type="fig"}). However, in some patients, levothyroxine replacement is associated with significant impairment in psychological well-being \[[@CR79]\], including compared with euthyroid controls \[[@CR80]\], and as such there is interest in studies comparing combined levothyroxine/liothyronine with levothyroxine monotherapy. One example of a study addressing this controversy is a randomised, double-blind study that was carried out comparing treatment with levothyroxine/liothyronine at a ratio of 5:1 or 10:1 with levothyroxine monotherapy in 141 patients (18--70 years old) with primary autoimmune hypothyroidism \[[@CR81]\]. It was observed that more patients on combination therapy displayed elevated triiodothyronine levels. While patients showed a preference for the combined treatment over levothyroxine therapy (the primary study outcome), the positive changes in mood, well-being, fatigue, and neurocognitive functions reported (secondary outcomes) occurred in all treatment groups and could not entirely account for the fact that the primary outcome strongly supported combined therapy. Meanwhile, a reduction in body weight, though not in serum TSH, correlated with greater satisfaction with the study medication \[[@CR81]\]. Finally, among those patients who preferred the combined levothyroxine/liothyronine therapy, 44% had serum TSH levels \< 0.11 mU/l.Fig. 7Illustration of potential responses of a patient to a trial of combination therapy with levothyroxine and liothyronine. *FT4* free thyroxine, *LT3* liothyronine, *LT4* levothyroxine, *TSH* thyroid-stimulating hormone, *T3* triiodothyronine

It has been hypothesised that the Thr92Ala D2 polymorphism may influence the enzymatic activity of deiodinase II (DIO2), thereby predicting a positive response to combined levothyroxine/liothyronine therapy. In a study with 12,625 participants from the LifeLines cohort study using available genome-wide genetic data, the effects of the Thr92Ala polymorphism (rs225014) were evaluated in the general population and in 364 individuals undergoing levothyroxine replacement therapy mainly due to primary hypothyroidism \[[@CR82]\]. In both groups, the D2-Thr92Ala polymorphism was not associated with differences in TSH, free thyroxine and free triiodothyronine, presence of metabolic syndrome, other comorbidities, HRQoL, and cognitive functioning \[[@CR82]\]. However, new findings in rodents indicate that carriers of the Thr92Ala-D2 polymorphism may exhibit lower D2 catalytic activity and diminished thyroid hormone signalling resulting in localised/systemic hypothyroidism \[[@CR83]\]. These findings, if replicated in humans, may widen the opportunity for a more personalised approach to the treatment of hypothyroidism \[[@CR84]\].

A recent survey, which queried the treatment of hypothyroidism by presenting 13 theoretical patients and offering 6 therapeutic options, was emailed to the members of the American Thyroid Association (ATA) prior to a satellite symposium of their Spring Meeting and also before the annual Endocrine Society and ATA Meetings. A multivariate analysis of the results revealed that physician characteristics may affect prescription patterns, with residents of North America, for example, being more inclined to prescribe therapies incorporating liothyronine than their colleagues in Europe \[[@CR85], [@CR86]\]. However, the study was not designed to investigate whether this was due to physician-patient interaction, specific education following the meetings, the influence of pharmaceutical companies, or media exposure, or a combination of these. The fact that physicians indicate their willingness to prescribe a liothyronine-containing treatment may indicate a need for more research to understand patient preferences, which may sway physicians' choices when considering prescribing liothyronine combined with levothyroxine, and the risks and benefits of such therapy.

Conclusion {#Sec17}
==========

This review highlights the complexity of maintaining biochemical and clinical euthyroidism in patients undergoing treatment with levothyroxine. Challenges include the physiological changes that occur as adult patients progress through the stages of life as well as the alterations in levothyroxine needs that may be associated with concomitant medical conditions and medications. Optimal treatment of hypothyroidism requires a partnership between patient and physician. The physician is tasked with vigilant appraisal of the patient's status based on a thorough clinical and laboratory assessment and appropriate adjustment of their levothyroxine therapy. The patient in turn is tasked with medication adherence and reporting of symptomatology and any changes in their medical situation. The goal is consistent maintenance of euthyroidism, without the patient experiencing the adverse events and negative health consequences of under- or overtreatment.
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